NEUROPSYCHOLOGICAL ASSESSMENT
Neuropsychological investigations of patients with AVM have yielded mixed results with respect to localization of function, and most neurocognitive studies have not been able to demonstrate the kinds of impairment typically seen with acute focal lesions in comparable brain regions. Waltimo and Putkonen 30 conducted one of the earliest studies of the cognitive sequelae of AVMs by using well-validated measures. They found that the average intelligence quotient of 40 patients with AVM did not differ from the normal population. Moreover, no differences were revealed on any of the neuropsychological instruments between individuals with left-or right-sided lesions. Even the association between previous hemorrhage and cognitive impairment did not reach statistical significance.
Brown and colleagues 4 assessed the extent to which neuropsychological tests could predict the laterality of angiographically confirmed AVMs compared with the laterality of ischemic stroke. The discriminant function analysis showed that neuropsychological measures were related to the hemispheric side on which an ischemic stroke had occurred, but not the laterality of an AVM. Similarly, Mahalick and coworkers 17 studied 24 patients with AVMs prior to surgical treatment. Compared with 24 matched normal control volunteers, patients with AVMs showed variable degrees of impairment in verbal and visuospatial function. More important, the cognitive deficits detected were associated with the hemisphere contralateral to the side with the AVM. Steal was posited as the causal mechanism for these findings but with no physiological data to support this hypothesis. It has been proposed by others, however, that that one possible reason for the variability of neuropsychological impairment seen among patients with AVMs could be atypical organization of function. 3 The failure to find evidence supporting steal as a frequent cause of AVM-related deficits and the suggestion of unusual cerebral localization of neurocognitive function in neuropsychological testing raise questions that pertain to AVM treatment risk. One factor in the grading of such risk has been the so-called eloquence of adjacent brain tissue. 26 In the original design calculation of the SpetzlerMartin grade, eloquent areas were defined as sensorimotor, language, visual cortex, hypothalamus, internal capsule, brainstem, cerebellar peduncles, and deep cerebellar nuclei. Spetzler and Martin assumed that "eloquent cortical regions occupy their normal anatomic location." Recent data derived from the use of highly sophisticated combinations of radiological, surgical, and behavioral techniques now indicate that this assumption may longer be correct.
SUPERSELECTIVE WADA TESTING FOR
ELOQUENT FUNCTION Prior to conventional surgery or radiosurgery, many patients are treated by angiographically guided injection of embolic material into arteries supplying the AVM that will reduce flow, ultimately producing thrombosis. 31 Before superselective injection of glue, a frequently used thrombogenic agent at many centers, it is common practice to first determine whether the tip of the catheter has been placed inadvertently proximal to the nidus of the AVM so that permanent closure might affect eloquent function, such as language, memory, vision, and motor control. 6, 15, 24, 25 This preembolization assessment is usually composed of injection of an anesthetic agent along with a contrast agent in a procedure that is based on the technique of Wada and Rasmussen of injecting amobarbital sodium into the internal carotid arteries of patients with epilepsy to determine cerebral dominance for language and memory prior to surgery. 29 During such testing for eloquent brain regions in patients with AVM prior to embolization, the injection of anesthetic agents is performed in arterial pedicles distal to the circle of Willis.
One of the earliest reports was a case study in which a patient with a left posterior temporal AVM underwent speech-evoked magnetoencephalography, superselective Wada testing, and direct electrical stimulation of the cortex during surgery. 19 Except for some reading errors, the clinical examination of language was normal. The topographic map of the magnetic component to stimulation with auditory syllables showed a source that was displaced superiorly to the probable location in the auditory cortex. Superselective Wada testing showed no deficit in receptive or expressive language with selective injection of the posterior temporal branch into superior temporal gyrus, and naming and repetition were not affected during stimulation at seven of eight usual language sites in the temporal and inferior parietal cortex in the vicinity of the AVM. During the postoperative course the patient displayed a mild expressive aphasia, which fully resolved 2 weeks later.
Lazar, et al., 9 took advantage of the superselective Wada procedure in AVM patients to address possible redistribution of language. It was found that when right-handed adult patients with left temporoparietal AVM underwent selective anesthetic injections into the left prefrontal region, all of them developed major language symptoms including loss of comprehension, fluent speech with paraphasias, and perseveration that resembled Wernicke aphasia. To address the cerebral localization of language in patients with left frontal AVMs, three patients underwent the same language evaluation as those who harbored the posterior AVMs.
11 Anesthetic injection into the vessels supplying the inferior division of the left middle cerebral artery produced the expected Wernicke area, verifying left cerebral dominance for language in each case. Superselective study in the left frontal regions, however, resulted in mild right-sided paresis in all patients, but no language abnormality and there was no loss of fluency. Embolization of vessels feeding the AVM then took place without significant morbidity in a region where traditional assumptions of eloquence might have precluded treatment.
Preembolization superselective Wada testing has also shown unpredictable redistribution of other cognitive functions. 12 In this small case series, in one patient with a left parietal AVM and a right temporal AVM oral reading was controlled by the right hemisphere and reading comprehension was subserved by the left hemisphere. A patient with a left medial AVM displayed the presence of an anterograde amnesia and alexia but not aphasia with a left superior temporal artery injection.
FUNCTIONAL IMAGING
Similar findings of unpredicted cerebral localization have also been seen with functional imaging. Leblanc, et al.
14 reported the first case of a patient with an angiographically proven AVM in the left midposterior second convolution who underwent positron emission tomography scanning while performing language tasks. In addition to activation in the Wernicke and Broca regions, there was also increased metabolism in the right temporal region. This same group described 10 patients with leftsided AVM who underwent positron emission tomography investigation, one of whom had an AVM in the left superior temporal area and whose functional language activation was located entirely in the right hemisphere. 13 Functional magnetic resonance imaging has also been performed in patients with AVM. Latchaw, et al., 7 reported on two of three patients in whom the AVM was located in traditionally language-sensitive regions. In the case of a left frontotemporal AVM, an fMR imaging language activation using a silent word generation paradigm, revealed that speech cortex was located anterior and deep to the AVM. A patient with a left temporal AVM also demonstrated silent speech activation anterior to the AVM. More recently Maldjian, et. al., 18 studied two patients with temporal lobe AVMs and found bilateral temporal lobe activation, but similar activation was also found in the resting condition. Two patients with left anteroinferior frontal AVMs demonstrated activation in the left inferior frontal lobe as well as in the superior left frontal lobe anterior to the AVM nidus. More recently, Vinkingstad, et al., 28 evaluated language tasks during fMR imaging prior to surgery in four patients with left cerebral AVMs, revealing substantial right hemisphere activation in each case.
The problem with the use of functional imaging to determine, for example, critical language regions in the brain is that are few data from such studies showing that "activated" brain structures are necessary for language to take place. 2 Indeed, an attempt was made to correlate findings on fMR imaging language activation with superselective Wada testing. 11 A silent speech task in a right-handed patient with a Broca area AVM produced fMR imaging activation in the contralateral right frontal opercular region and posterior to the AVM adjacent to the rolandic fissure. With the fMR imaging data alone, it might have been concluded that the patient had developed a new language region in the left hemisphere, but the anesthetic injection into the arterial supply for the fMR imaging-activated rolandic region failed to produce any language abnormality. More research with functional imaging is therefore needed to establish activated regions that are important for a task or merely represent epiphenomena. In the meantime, Wada testing remains the only model capable of establishing sites biologically necessary for a function prior to craniotomy.
COGNITIVE HISTORY AND AVM
Most of the knowledge regarding cortical localization of neuropsychological function comes from cerebral infarction; the most common cause of aphasia, for example, is stroke. 23 In contrast to such acute events, however, brain AVMs are thought to be the result of vascular dysgenesis during fetal development and appear to develop over many years. The question arises, then, as to when brain reorganization occurs in these patients who are usually otherwise asymptomatic until their 30s and 40s.
As a first step toward addressing this matter, Lazar and colleagues 8 used structured telephone interviews to compare developmental history in adult patients with AVM with a group of other patients with other chronic intracranial lesions. There were 44 randomly selected patients with AVM and 32 comparison patients: 15 randomly chosen patients from the institution's database of cerebral aneurysms and all 17 patients who underwent a biopsy over a 5-year period with a diagnosis of low-grade tumor. Queries were made as to education, special classes, classification of learning disabilities, failing grades, as well as if there had been any experience of significant problems in skill areas such as reading, writing, and attention. Of the 44 AVM patients, 11 presented with hemorrhage but none presented before 20 years of age. There was no difference in the age, education, or report of delayed developmental milestones (speech or motor function) between the AVM patients and other patients. In contrast, 33 patients with AVM (75%) reported a positive occurrence to any survey question, with 66% of AVM patients indicating that they had experienced difficulty with at least one skill area during their school years. The tumor and aneurysm patients were no different from the general population in reporting these problems. The importance of these findings is that despite the likely presence of some form of a primitive AVM at birth, there may not have been any functional consequences before the age of 3 or 4 years. Although retrospective in nature, these are among the first data to shed some insight on the time course of AVM development.
CONCLUSIONS
In summary, the assessment of neuropsychological function in AVM patients in the office, in the angiography suite, and on the operating room table has shown a degree of cerebral redistribution not found or studied as thoroughly to date in any other neurological disease. Further research is needed to determine whether functional reorganization in AVM patients can serve as a model for adaptation in other chronic brain conditions. Nevertheless, the data show that traditional assumptions about the importance of brain regions in these patients do not hold, at least for cognitive function, so that establishing treatment risk in any one patient based on so-called eloquence needs to be made empirically.
